Binding of the glucagon peptide to the glucagon receptor (GCGR) triggers the release of glucose from the liver during fasting; thus GCGR plays an important role in glucose homeostasis. Here we report the crystal structure of the seven transmembrane helical domain of human GCGR at 3.4 Å resolution, complemented by extensive site-specific mutagenesis, and a hybrid model of glucagon bound to GCGR to understand the molecular recognition of the receptor for its native ligand. Beyond the shared seven transmembrane fold, the GCGR transmembrane domain deviates from class A G-protein-coupled receptors with a large ligand-binding pocket and the first transmembrane helix having a 'stalk' region that extends three alpha-helical turns above the plane of the membrane. The stalk positions the extracellular domain ( 12 kilodaltons) relative to the membrane to form the glucagon-binding site that captures the peptide and facilitates the insertion of glucagon's amino terminus into the seven transmembrane domain.
Binding of the glucagon peptide to the glucagon receptor (GCGR) triggers the release of glucose from the liver during fasting; thus GCGR plays an important role in glucose homeostasis. Here we report the crystal structure of the seven transmembrane helical domain of human GCGR at 3.4 Å resolution, complemented by extensive site-specific mutagenesis, and a hybrid model of glucagon bound to GCGR to understand the molecular recognition of the receptor for its native ligand. Beyond the shared seven transmembrane fold, the GCGR transmembrane domain deviates from class A G-protein-coupled receptors with a large ligand-binding pocket and the first transmembrane helix having a 'stalk' region that extends three alpha-helical turns above the plane of the membrane. The stalk positions the extracellular domain ( 12 kilodaltons) relative to the membrane to form the glucagon-binding site that captures the peptide and facilitates the insertion of glucagon's amino terminus into the seven transmembrane domain.
The glucagon receptor (GCGR) is one of the 15 members of the secretinlike (class B) family of G-protein-coupled receptors (GPCRs) 1 in humans. GCGR is activated by the 29 amino acid hormonal peptide glucagon ( Supplementary Fig. 1a ), and is a potential drug target for type 2 diabetes 2 . During fasting, the pancreas dispatches glucagon to activate GCGR in the liver causing the release of glucose into the blood 2 . Despite less than 15% protein sequence homology between class A (rhodopsin-like) and class B GPCRs, many of these receptors presumably share a seven transmembrane (7TM) helical domain and similar signal transduction mechanisms 1 . Although the structure-function understanding of the class A family of GPCRs has been greatly advanced during the last few years 3 , a detailed understanding of class B GPCRs has lagged due to the lack of a 7TM domain structure for these receptors.
Secretin-like GPCRs contain a globular N-terminal extracellular domain (ECD) defined by three conserved disulphide bonds 4, 5 and a 7TM domain. They are activated by hormonal peptides that bind to both the ECD and the 7TM domain 4 . Structural details of soluble ECDs, including the ECD of GCGR 6 , and their role in the selective recognition of peptide hormones' carboxy termini have been revealed for several class B receptors 5, 7, 8 . Although models of class B 7TM domains and ligand binding have been proposed based on site-directed mutagenesis [9] [10] [11] , photo-crosslinking [12] [13] [14] , and structure-based virtual screening studies 15 , the accuracy of such modelling has been hampered by the low sequence homology between class A and class B GPCRs.
Crystal structure of GCGR 7TM domain
The 7TM domain of human GCGR was fused to the thermally stabilized E. coli apocytochrome b 562 RIL (ref. 16 ) (referred to as BRIL) at residue 123, and the C terminus of GCGR was truncated at residue 432 ( Supplementary Fig. 2 ). This crystallized GCGR construct with BRIL containing a truncated ECD (DECD) and C terminus (DC) (BRIL-GCGR(DECD/DC), Supplementary Fig. 3 ) has the same binding affinity for the antagonist ligand NNC0640 ( Supplementary Fig. 1b) as the full-length wild-type GCGR (Supplementary Table 1 ), indicating that the conformation of the 7TM domain of BRIL-GCGR(DECD/ DC) is similar to wild-type GCGR. The structure of the BRIL-GCGR(DECD/DC) was determined at 3.4 Å resolution (Methods and Supplementary Table 2 ). Although GCGR was crystallized in the presence of NNC0640, convincing electron density for NNC0640 was not observed. As expected, GCGR adopts a 7TM fold (Fig. 1) , with the BRIL fusion protein folded on top of the receptor and mediating most of the crystal contacts ( Supplementary Fig. 4 ).
Despite the lack of protein sequence conservation, comparison of the GCGR 7TM structure with 15 known class A GPCR structures solved in inactive form shows that orientations and positions of helices in the 7TM bundles are conserved between the two classes (Fig. 1b,  Supplementary Fig. 5 ). The 7TM helices of GCGR superimpose with those of the class A receptors with root mean squared deviation (r.m.s.d.) of C a backbone atoms in the 2.7-3.3 Å range, above the 2.2-3.0 Å range observed between major branches (a, b, c and d) of class A GPCRs. The structural alignment of GCGR with rhodopsin shows an approximate spatial correspondence between residues in the 7TM helices of the two GPCR classes, but also reveals a number of gaps in transmembrane regions reflecting substantial structural deviations in transmembrane helices ( Supplementary Fig. 6 ). The spatial correspondence between 7TM residues makes it possible to project the widely used class A Ballesteros-Weinstein numbering scheme 17 (used hereafter for class A as BW number in parentheses) for comparisons between GPCR classes (Supplementary Table 3 ). Analysis of sequence and structural features within class B GPCRs, however, is defined by the Wootten numbering scheme based on class B residue conservation 18 (used hereafter for class B receptors as superscript, Supplementary Table 3) .
Class B versus A GPCRs
The GCGR structure reveals a number of features in the 7TM domain that are distinct from known class A GPCRs. The N-terminal end of helix I in GCGR is longer than any known class A GPCR structures and extends three additional helical turns (approximately 16 Å ) above the extracellular (EC) membrane boundary from Lys 136 to Gly 125 ( Fig. 1 ). This region of GCGR, referred to as the stalk, may be involved in glucagon binding and helps to define the orientation of the ECD with respect to the 7TM domain. Extracellular loop 1 (ECL1) of GCGR is 16 residues long, as compared with 4-6 residues in most class A GPCRs. Although the ECL1 residues 201-215 are not resolved in the crystal structure, mutagenesis studies presented here and elsewhere [19] [20] [21] indicate that these residues are involved in interactions with peptide ligands. The distance between the EC tips of 7TM helices II and VI is the largest among GPCR structures, and the distance between the EC tips of helices III and VII is among the largest, except for kappa (k-OR) and mu (m-OR) opioid receptors 22, 23 ( Supplementary Fig. 5 ). The positioning of the EC tips of these 7TM helices creates a wider and deeper cavity in the ligand-binding pocket of GCGR, which is larger than in any class A receptor structures (Fig. 2, Supplementary Table 4) .
At the intracellular (IC) side, the distances between the helical tips of GCGR are within the same range as those in class A structures, except for an extensive inward shift of the IC tip of helix VII (Supplementary Fig. 5 ). Although the inward shift in the IC part of helix VII is a hallmark of class A receptor activation 3 , it is not yet clear what role the IC region of helix VII plays in GCGR. The receptor lacks a proline kink in helix VII, which is a part of the conserved NP (BW 7.50) xxY motif in class A GPCRs 24 ; instead, helix VII of GCGR has a glycine residue (Gly 393 7.50 ) that allows for a helical bend in this region. This glycine in helix VII of GCGR is part of the FQG 7.50 xxVxxxY 7.57 CF motif that is fully conserved in secretin-like class B receptors (Fig. 3a) . This Gly 393 7.50 induced bend is stabilized by hydrophobic interactions with Phe 184 2.57 of helix II in GCGR (Fig. 3a) . The GCGR structure also includes an IC helix VIII comprising 20 residues at the C-terminal end of the receptor that tilts approximately 25u away from the membrane as compared with its consensus position in class A (Fig. 1 ). This tilt is probably a result of crystal packing interactions ( Supplementary Fig. 4 ), but it should be noted that Glu 406 in helix VIII is fully conserved in secretin-like class B receptors, and forms two interhelical salt bridges with conserved residues Arg 173 2.46 and Arg 346 6.37 (Fig. 3b) . Though the tilt of helix VIII may alter interactions in the region, conformational modelling with helix VIII parallel to the membrane suggests that the Glu 406 salt bridges are preserved in this Table 4 ). The approximate position of the EC membrane boundary is shown as a red line and bound ligands as magenta carbon atoms. 
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conformation and are likely to be a distinct feature of secretin-like class B receptors because there is no strong conservation among these residues in class A.
The GCGR 7TM structure also reveals several structural features that are conserved between class A and B receptors. One such feature is a disulphide bond between Cys 294 in ECL2 and Cys 224 3.29 (BW 3.25, Supplementary Fig. 6 ), which apparently stabilizes the receptor's 7TM fold (Fig. 3c) . Another conserved feature of a common GPCR fold 25 involves similar regions of contacts between helices I-II, I-VII, III-IV and III-VI in class A and B GPCRs. The two GPCR classes, however, contain different patterns of conserved residues in these positions (Fig. 3, Supplementary Fig. 6 ). In class B GPCRs, the helix I-II interaction is stabilized by conserved hydrophobic residues Leu 156 1.54 and Phe 184 2.57 , class A GPCRs contain conserved polar residues Asn (BW 1.50) and Asp (BW 2.50) in this region 25 . At the helix I-VII interface, Ser 152
1.50 forms a hydrogen bond with the backbone of Ser 390 7.47 ( Fig. 3a) . Mutation of homologous glucagon-like peptide-1 receptor (GLP1R) residues Ser 155 1.50 and Ser 392 7.47 alters receptor signalling 18 . At the GCGR helix III-IV interface (Fig. 3d) ) which make similar hydrophobic interactions as structurally aligned Ile/Val/Leu (BW 3.40) and Phe (BW 6.44) residues present in most class A GPCRs 25 ( Supplementary  Fig. 6 ). This interface is further stabilized in class B GPCRs by close contact between the conserved Tyr 239 3.44 and Gly 359 6.50 . Another class B GPCR specific interhelical hydrogen bond is formed between the conserved Asn 318 5.50 and the backbone of Leu 242 3.47 at the helix III-V interface (Fig. 3e) .
Recognition between GCGR and glucagon
To better understand GCGR-glucagon interactions, we performed a comprehensive mutagenesis and glucagon-binding study of GCGR at 90 different residue positions (Fig. 4, Supplementary Table 5 ). A total of 129 mutants were tested, and of these, 110 covering 85 different positions had expression levels greater than 30% of wild-type GCGR. Of them, 41 mutations covering 28 different positions in the GCGR 7TM domain had more than fourfold reduction in glucagon binding (IC 50 values) relative to wild-type GCGR. The results of these GCGR mutation studies were mapped onto the crystal structure of the GCGR 7TM domain (Fig. 5) . Most of the residues that play an important role in glucagon binding face the main cavity in the 7TM core, and form a binding site that covers parts of ECL1, ECL2 and ECL3 and helices I, II, III, V, VI and VII, and extends deep into the 7TM cavity.
To investigate the recognition between glucagon and GCGR, we built a glucagon-bound GCGR structure model, based on the GCGR 7TM domain crystal structure, the GCGR ECD structure (Protein Data Bank (PDB) accession: 4ERS) 6 , the ECD structure of the GCGR homologue GLP1R bound to the GLP1 peptide (PDB: 3IOL) 8 , and the N-capped conformation of pituitary adenylate cyclase activating polypeptide (PACAP; PDB: 1GEA) 26 ( Fig. 5a ). The model further included several experimentally supported distance restraints between GCGR and glucagon based on photo-crosslinking studies between GLP1R and GLP1 (ref. 12) .
The predicted binding mode of glucagon to the ECD of GCGR (Fig. 5b ) is in line with our results (Fig. 4 , Supplementary Table 5) and previously reported mutation studies on GCGR 6,27 and GLP1R 8 . Figure 5b shows how GCGR residues Asp 63, Tyr 65 and Lys 98 function in stabilizing the ECD as observed in the GCGR ECD crystal structure 6 and supported by mutagenesis studies 6, 27 (Fig. 4 , Supplementary Table 5 ). The Trp 36 side chain is an important hydrophobic interaction site for the C-terminal region of glucagon, similar to Trp 39 in the GLP1-GLP1R-ECD crystal structure 8 . The stalk, observed in helix I of the GCGR 7TM crystal structure, links the ECD and 7TM domain in the model (Figs 5a, b) . The a-helical conformation of the stalk is supported by intrahelical interactions in the crystal structure (Glu 133-Lys 136) and model (Glu 127-Gln 131 and Glu 129-Lys 132), and is likely to be further stabilized by interactions with the extended ECL1 and the a-helical portion of glucagon. The potential function of the a-helical stalk in glucagon binding is supported by a reduced glucagon affinity to the Ala 135 Pro mutant (Fig. 4d , Supplementary 
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, and class B GPCR specific residues that mediate helix I-VII, II-VII, and III-V interface interactions. b, GCGR residues Glu 406 of helix VIII, Arg 173 2.46 , and Arg 346 6.37 form a class B receptor specific ionic network. Arg 346 6.37 (grey) has a weak electron density. c, The disulphide bond between Cys 224 3.29 and Cys 294 of ECL2 in the GCGR structure is a conserved feature between classes A and B receptors. Hydrogen bond interactions and salt bridges are indicated by black dashed lines. Electron density maps for residues in this figure are shown in Supplementary Fig. 10 RESEARCH ARTICLE conformation of the stalk region. The stalk may also function as part of the binding site for the previously proposed middle hinge region of glucagon 28 . An a-helical conformation in this region of GLP1R in complex with the GLP1 peptide was recently proposed based on crosslinking data between receptor and peptide residues 12 . In the GCGRglucagon model, the corresponding pairs of residues, F6-Gln 142 1.40 and Y10-Tyr 138 1.36 (one letter amino acid abbreviation is used to designate glucagon residues), are located in close proximity and point towards each other, supporting a similar interaction mode as proposed in the GLP1R-GLP1 complex 12 ( Fig. 5b) . The 12 Å distance between L14-Trp 295 ECL2 in the GCGR-glucagon model exceeds the range of crosslinking distances in previous GLP1R-GLP1 models (8-9 Å ) 12 , though this may reflect differences between GCGR and GLP1R ligand-binding modes.
There is no clear consensus on the binding site location of peptide ligands in the 7TM domain of class B GPCRs, which has been associated either with the ECL regions 4, 7 , or with a pocket in the 7TM domain 11, 12, 29 .
The GCGR-glucagon model illustrates a way to account for the extensive interactions of the peptide with ECLs, as well as residues deep in the 7TM domain (Fig. 5c, d) . First, the GCGR crystal structure reveals that some of the binding site residues previously positioned at the top of 7TM helices or in ECLs [30] [31] [32] are in fact located deeper in the 7TM domain. Second, an extended flexible conformation of the first five residues allows glucagon to reach deep into the pocket. Our model of glucagon incorporates a hypothetical N-capping conformation 33 of the peptide helix in residues F6-T7-Y10, similar to the one observed in the receptor-bound PACAP 26 , though other conformations of this region are possible.
Most interactions predicted by the GCGR-glucagon binding model are supported by mutagenesis (Figs 4, 5c, d, Supplementary Table 5) and photo-crosslinking studies on GCGR 6, 19, 21, 27, 31, 32, 34 and other class B GPCRs [8] [9] [10] [11] [12] [13] 20, 29, 30, 35, 36 . In the 7TM domain, many residues predicted to interact with glucagon show dramatic effects on glucagon binding without reducing receptor expression (Fig. 4, Supplementary Table 5 ). Figure 5 shows how these mutations line the 7TM binding site in the GCGR-glucagon model and include residues that are located deep in the pocket (Tyr 149 1.47 , Val 191 2.64 , Gln 232 3.37 , Glu 362 6.53 and Leu 386 7.43 ). These results strongly support extension of the N terminus of glucagon deep into the GCGR pocket, a region that could be equally important for ligand binding as in class A GPCRs.
In the loop region, residues Arg 201, Tyr 202, Asp 208 and Trp 215 of GCGR either stabilize the ECL1 conformation and/or directly interact with glucagon (Fig. 5c, d ). The GCGR-glucagon binding model further suggests that residues Trp 295 and Asn 298 directly interact with glucagon, as mutation of these ECL2 residues strongly affects ligand binding. The GCGR-glucagon model presented in Fig. 5 is based on crystallographic evidence and is consistent with the results of extensive mutation binding studies (Fig. 4, Supplementary Table 5 ) 6, 19, 21, 27, 31, 32, 34 , and thus provides comprehensive insight into recognition between the native ligand and its receptor. The hypothetical model of the complex can offer a useful platform for the design of biochemical and biophysical experiments detailing the complex structure, as well as the design of stabilized constructs that may lead to solution of the full-length receptor-ligand complex.
Related class B GPCRs
The GCGR-glucagon model can be informative for understanding common features that determine ligand recognition of other class B receptors. The GCGR mutation data (Fig. 4, Supplementary Table 5) , and previous studies 6,19,21,27,31,32,34 are paralleled by mutagenesis of homologous residues in other class B GPCRs. Supplementary Table 6 shows
> 10-fold reduction 4-10-fold reduction 8, 18, 20, 29, 36 , glucose-dependent insulinotropic polypeptide receptor (also known as gastric inhibitory polypeptide receptor) (GIPR) 9, 37 , rat secretin receptor (rSCTR) 11, 30, 35, 38, 43 , and vasoactive intestinal peptide and pituitary adenylate cyclase-activating polypeptide receptor 1 (VPAC1, also known as VIPR1) (refs 39-41 Table 6 ).
The distinct structural features and larger binding pocket of the GCGR 7TM domain provide new insights into the molecular details of peptide ligand binding, and a more reliable structural template for the design of specific and potent small molecules for the treatment of type 2 diabetes. Moreover, the apparent overlap of class B GPCR binding sites suggests that, despite possible structural differences between class B GPCRs, the GCGR crystal structure might offer new opportunities to construct structural models to describe interactions between peptide ligands and other class B GPCRs. This is particularly exciting for those receptors involved in glucose regulation, including GLP1R and GIPR.
METHODS SUMMARY
BRIL-GCGR(DECD/DC) was expressed in Spodoptera frugiperda insect cells, solubilized with 1/0.1% (w/v) of n-dodecyl-b-D-maltopyranoside and cholesteryl hemisuccinate for 2 h at 4 uC, and purified by immobilized metal ion affinity chromatography with 50-200 mM of GCGR antagonist ligand NNC0640. Protein at 80 mg ml 21 was mixed with monoolein and cholesterol in a ratio of 40%:54%:6% (w/w/w) to form lipidic cubic phase 42 , and crystallized in 100 mM MES pH 6.0, 140-200 mM Na/K tartrate tetrahydrate, 9-17% (v/v) PEG 400, 0.35-0.55% (v/v) Jeffamine M-600, pH 7.0, and 200 mM NNC0640 at 20 uC. X-ray data were collected on the 23ID-D beamline (GM/CA CAT) at the Advanced Photon Source (Argonne, Illinois) using a 20-mm minibeam at wavelength of 1.0330 Å (Supplementary Table 2 ). A single wavelength anomalous dispersion (SAD) data set was collected at 4 Å from a single crystal soaked with tantalum bromide (Ta 6 Br 12 ; Supplementary Fig. 7 ). Phase information from the SAD data set confirmed the molecular replacement solution obtained from an auto script that used mixed models of all known class A GPCR structures as search models (Supplementary Fig. 8 ). Native diffraction data were collected from 14 crystals and anisotropically truncated before refinement in a*, b*, and c* to 3.3, 3.4, and 3.3 Å , respectively. We report the final structure at 3.4 Å resolution, and data collection, processing, structure solution and refinement are described in the Methods.
The model of the GCGR-glucagon complex was constructed using the structures of the GCGR 7TM domain presented here, the GCGR ECD (PDB: 4ERS), the GLP1R-GLP1 complex (PDB: 3IOL), and the N-capped conformation of PACAP (PDB: 1GEA). (magenta) and 7TM domain (blue) bound to glucagon (green). Residues 122-126 and 199-218 (brown) are not defined in the GCGR ECD (GCGR-linker) (PDB: 4ERS) and 7TM domain (ECL1) crystal structures, respectively. The GCGR ECD structure and the interactions between GCGR ECD and glucagon resemble those in the GCGR ECD (PDB: 4ERS) 6 and GLP1-GLP1R-ECD complex (PDB: 3IOL) 8 structures, respectively. c, d, The effects of mutation studies of individual GCGR residues on glucagon (green) binding mapped onto the GCGR binding surface using the colour coding presented in Fig. 4 . Important glucagon residues are labelled black. GCGR residues proposed to be important in stabilizing extracellular loops are boxed. GCGR-glucagon residue pairs that are homologous to residue pairs identified in GLP1R-GLP1 crosslinking studies 12 are underlined.
GCGR ECD GCGR ECD
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Binding studies were performed using transiently transfected CHO-K1 and HEK293T cells. Either whole cells or prepared membranes were used to measure binding affinity (IC 50 ) of glucagon or NNC0640 using radiolabelled glucagon or NNC0640.
Full Methods and any associated references are available in the online version of the paper.
METHODS
BRIL-GCGR(DECD/DC) construct design and Sf9 expression. The human wild-type GCGR DNA was synthesized by DNA 2.0 and codon optimized for expression in Spodoptera frugiperda (Sf9) insect cells. The BRIL-GCGR(DECD/ DC) fusion construct was made by deleting N-terminal residues 1-122, fusing the thermally stabilized apocytochrome b 562 RIL (M7W, H102I, R106L) (referred to as BRIL) from E. coli at residue 123 (ref. 16) , and truncating the C terminus at residue 432 to create the final construct for crystallization ( Supplementary Fig. 2 ). This chimaeric construct was obtained after screening 60 constructs of different BRIL junction and C-terminal truncation sites to generate crystals with diffraction data of the highest quality and resolution. The construct was cloned into a modified pFastBac1 vector (Invitrogen) containing an expression cassette with haemagglutinin signal sequence at the N terminus, and a PreScission protease site, 103His, and Flag tag at the C terminus. The BRIL-GCGR(DECD/DC) fusion construct was expressed in Sf9 cells using the Bac-to-Bac baculovirus expression system as described previously 45 . Sf9 cells at a density of 2 3 10 6 -3 3 10 6 cells ml 21 were infected with P1 or P2 virus at a multiplicity of infection (m.o.i.) of 7.5. Cells were harvested less than 48 h post-infection and cell pellets were stored at 280 uC until used. BRIL-GCGR(DECD/DC) fusion construct purification. Sf9 membranes were prepared with 1 wash cycle of hypotonic buffer (25 mM HEPES, pH 7.5, 10 mM MgCl 2 , 20 mM KCl) in the presence of EDTA-free protease inhibitor cocktail tablets (Roche) and 4 wash cycles of high-salt buffer (25 mM HEPES, pH 7.5, 1 M NaCl, 10 mM MgCl 2 , 20 mM KCl). Membrane pellets were homogenized in storage buffer (25 mM HEPES, pH 7.5, 500 mM NaCl, 40% glycerol), flash frozen in liquid nitrogen and stored at 280 uC until use.
The GCGR antagonist ligand NNC0640 ( Supplementary Fig. 1b ) was essential for purification and crystallization of the BRIL-GCGR(DECD/DC) fusion construct. Two grams of washed membranes containing the BRIL-GCGR(DECD/ DC) fusion construct were resuspended in 30 ml of buffer (25 mM HEPES, pH 7.0, 166 mM NaCl, 13.3 % glycerol) and incubated with 270 mM of compound NNC0640 for 30 min at room temperature. The receptor was solubilized with 1/0.1% (w/v) of n-dodecyl-b-D-maltopyranoside (Anatrace) and cholesteryl hemisuccinate (Sigma) (DDM/CHS) for 2 h at 4 uC. The insoluble material was pelleted by ultracentrifugation in a Ti70 rotor at 504,300g for 30 min at 4 uC. The NaCl and DDM/CHS concentrations of the supernatant were adjusted to 800 mM and 0.5/0.05%, respectively, by adding equal volume of talon binding buffer (25 mM HEPES, pH 7.0, 1.475 M NaCl, 10% glycerol). Protein was bound to 2 ml of talon superflow resin slurry (Clontech) overnight at 4 uC on a rotator in the presence of 15 mM imidazole, pH 7.5, and 100 mM NNC0640.
The talon resin was washed with 10 3 bed volume of wash buffer 1 (25 mM HEPES, pH 7.0, 800 mM NaCl, 10% glycerol, 0.04/0.008% DDM/CHS, 30 mM NNC0640, 40 mM imidazole, pH 7.5). Detergent concentration was lowered by washing the resin with 20 3 bed volume of wash buffer 2 (25 mM HEPES, pH 7.0, 500 mM NaCl, 10% glycerol, 0.02/0.004% DDM/CHS, 30 mM NNC0640). The BRIL-GCGR(DECD/ DC) fusion construct was eluted with 2.5 ml of elution buffer (25 mM HEPES, pH 7.0, 150 mM NaCl, 10% glycerol, 0.02/0.004% DDM/CHS, 30 mM NNC0640, 300 mM imidazole, pH 7.5). The eluted BRIL-GCGR(DECD/DC) fusion construct was desalted with a PD-10 desalting column (GE Healthcare) to remove the imidazole. His-tagged PreScission protease was added to the samples and incubated overnight at 4 uC to remove the C-terminal 103His and Flag tags. Reverse talon purification was performed to isolate the cleaved BRIL-GCGR(DECD/DC) fusion construct by flowing the sample through 200 ml talon superflow resin twice. The flow-through material, containing the cleaved BRIL-GCGR(DECD/DC) fusion construct, was concentrated to 80 mg ml 21 using a Vivaspin centrifuge concentrator (GE Healthcare) with a 100 kilodalton (kDa) molecular weight cut-off. BRIL-GCGR(DECD/DC) fusion construct lipidic cubic phase (LCP) crystallization. For LCP crystallization, the BRIL-GCGR(DECD/DC) construct was mixed with molten lipid at a ratio of 40/60% (v/v) using a mechanical syringe mixer 42 . Due to the high detergent concentration, 10-15% (volume of LCP) of 5 M NaCl was added after the lipid and protein were mixed to convert a destabilized lipidic mesophase into LCP 46 . The host lipid for the LCP reconstitution was monoolein (Sigma) with 10% (w/w) of cholesterol (AvantiPolar Lipids). Crystallization trials were set up as previously described 47 . LCP-FRAP was used to identify initial crystallization conditions that led to GCGR crystals 48 . Crystals were obtained at 20 uC in 100 mM MES, pH 6.0, 140-200 mM Na/K tartrate tetrahydrate, 9-17% (v/v) PEG 400, 0.35-0.55% (v/v) Jeffamine M-600, pH 7.0, 200 mM NNC0640; grown to a final size of 50-100 mm in the longest dimension in about 5 days ( Supplementary Fig. 3) ; and harvested from the LCP matrix using 50 mm MiTeGen micromounts and immediately flash frozen in liquid nitrogen. Data collection and processing. X-ray data were collected at the 23ID-D beamline (GM/CA CAT) at the Advanced Photon Source (Argonne, Illinois) using a 20-mm minibeam at a wavelength of 1.0330 Å and a MarMosaic 300 charge-coupled device (CCD) detector. Crystals were aligned and data collected using a strategy similar to other GPCR structures 49 . Typically, 10-15 frames at 1u oscillation and 1-2 s exposure with non-attenuated beam were collected per crystal due to the fast onset of radiation damage. A 93.9% complete at 3.3 Å data set was obtained by indexing, integrating, scaling and merging data sets from 14 crystals using HKL2000 (ref. 50) . Analysis of the final data set by the UCLA diffraction anisotropy server (http:// services.mbi.ucla.edu/anisoscale/) indicated that diffraction along the b* axis was weaker than in the other two directions; therefore, reflections were subjected to a mild anisotropic truncation with resolution limits of 3.3, 3.4 and 3.3 Å along a*, b* and c*, respectively, before using them in the refinement. Experimental phasing. Initial attempts to find a molecular replacement solution using previous class A GPCR structures as search models in Phaser 51 did not generate any reliable solutions. Therefore, experimental phasing for the BRIL-GCGR(DECD/DC) fusion construct was attempted by soaking the crystals with different heavy atoms. After screening many crystals, a SAD data set was obtained from one crystal that was soaked overnight with 100 mM tantalum bromide (Ta 6 Br 12 ) cluster (Jena Bioscience). The data were collected on the 23ID-D beamline (GM/CA CAT) at the Advanced Photon Source using the peak wavelength from the tantalum L3 edge (9.880 keV). A beam size of 10 mm with 53 attenuation with 1u oscillation and 1 s exposure per frame was used. A complete 360u data set was acquired from a single crystal by collecting wedges of 30u with direct and inverse beam and translating 6 times along the crystal length to expose a fresh portion of the crystal for each wedge. The SAD data set was integrated and scaled at 4 Å resolution using HKL2000. PHENIX.AutoSol 52 was used to search for the heavy atom sites with anomalous signals at 6 Å resolution ( Supplementary Fig. 7 ), yielding initial electron density maps.
Structure determination and refinement. While the experimental phasing work was underway, 'mixed model' molecular replacement (MR) search templates were generated based on all known GPCR structures using PHENIX.ROSETTA 53 . The 'mixed model' templates were then superimposed together and manually trimmed to remove structurally poorly conserved regions. Parallel MR searches with Phaser were then carried out using these GPCR models along with the high resolution BRIL structure (PDB: 1M6T) as search models on a linux cluster 54 . The search template based on rhodopsin (PDB: 2Z73) produced a potential solution (TFZ 5 8.5). This MR solution was validated by the experimental phasing maps ( Supplementary  Fig. 8) , and by the appearance of density not present in the search model. The experimental SIRAS phases calculated from the heavy atom were good up to 6-7 Å . However, SIRAS phases did not improve the MR maps, and thus were not used in the final refinement.
All refinement was performed using the MR solution with rounds of REFMAC5 (ref. 55) , autoBUSTER 56 (Buster v2.8.0), and PHENIX.AutoBuild
57
, followed by manual examination and rebuilding of refined coordinates in COOT 58 using both 2jF O j 2 jF C j and jF O j 2 jF C j maps, as well as omit maps calculated using the Bhat procedure 59 ( Supplementary Fig. 9 ). We state 3.4 Å as the overall effective resolution of this structure; however, data to 3.3 Å were included in refinement, which improved the R/R free statistics (Supplementary Table 2) . At 3.4 Å resolution, the electron densities for the majority of residues in the GCGR 7TM structure are visible, except for residues Arg 201-Trp 215 (corresponding to ECL1), and therefore these residues were not built into the GCGR 7TM structure. Residues Gly 269-Met 276, Thr 296-Asp 299, Ile 315-Ile 317, and Phe 365-Glu 371 were built into the GCGR structure, but they contained breaks in the electron densities of the C a backbone. Hence, other conformations are possible for these residues.
Although we do not observe density for NNC0640 in the canonical ligand binding pocket, this ligand is required to obtain diffraction quality crystals of the BRIL-GCGR(DECD/DC) construct. There are two electron density blobs outside of canonical ligand-binding pocket, one at the bottom of helix VI and VII near Lys 349 6.40 , and the other at helix I near Trp 145 1.43 . However, both of them are too small to accommodate NNC0640. Energy-based conformational modelling of the GCGR-glucagon complex. Glucagon was docked into the crystal structure of the GCGR ECD (PDB: 4ERS, residues 28-123) (ref. 6) using the crystal structure of the closely related GLP1R-GLP1 complex (PDB: 3IOL) 8 as a template. All molecular modelling and docking was performed using ICM molecular modelling software 60 (v. 3.7). The initial a-helical conformation of glucagon peptide residues 11-29 was modelled based on GLP1 residues 17-35, and soft tethers between corresponding backbone C a atoms of glucagon and GLP1 were applied. Conformation of the glucagon peptide and the interacting side chains in the ECD binding pocket were optimized (3 independent simulations of 10 6 steps) using ICM global optimization procedure in internal coordinates 60,61 with improved conformational energy terms for protein and peptides 4 and 'tether weight' 5 0.1. The model of the ECD-glucagon complex was then docked and optimized with the crystal structure of the 7TM domain, completed with all side chains and ECL1.
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This flexible energy-based docking/optimization procedure involved all torsion coordinates in the regions that are not defined by crystal structures, including protein backbone in the residues 1 to 10 of glucagon, and GCGR residues in ECL1 (199-218), and linker (122-126). In addition, side chain torsion variables were set free in all glucagon residues and the following regions of the GCGR model: helix I stalk region (125-136), ECL2 region (289-310), ECL3 (368-377), as well as 31 other residues lining the 7TM binding pocket.
The following three soft harmonic restraints derived from experimental crosslinking data in GLP1R and GLP1 (ref. 12) were applied between glucagon and GCGR side chains to guide docking: F6(cb)-Gln 142 1.40 (cd), Y10(cb)-Tyr 138 1.36 (oh), L14(cb)-Trp 295 ECL2 (ch2). Two intramolecular harmonic restraints were also applied to glucagon residues, T7(og1)-Y10(n) and F6(cz)-Y10(cz), to facilitate N-capped formation in glucagon, as suggested by previous comparative studies of class B peptide ligands 33 . Finally, a restraint was applied between the positively charged N-terminal amino group of glucagon and the carboxyl group of Glu 362 6.53 . The importance of the carboxyl group of Glu 362 6.53 , which is the only negatively charged residue in the 7TM binding pocket, is supported by GCGR (Supplementary Table 5 ) and GLP1R (ref. 29 ) mutation studies (Supplementary Table 6 ). As the N terminus is the only basic moiety in the first 10 residues of glucagon, a potential Glu 362 6.53 salt bridge with the glucagon N terminus is the most likely explanation for the mutation effects in Glu 362 6.53 . A total of 164 torsion variables were systematically sampled with ICM Monte-Carlo global optimization, and 455 were locally minimized in the course of this procedure. The special 'local' sampling option was applied to the ECL1 region backbone to allow efficient optimization. Three independent runs of the global optimization procedure (10 7 steps each) resulted in similar best energy conformations within 2.5 Å r.m.s.d. for the glucagon peptide non-hydrogen atoms.
It should be noted that in the absence of glucagon, the ECD is likely to be more flexible, sampling multiple orientations relative to the 7TM domain 6 . The model also does not attempt to infer a specific functional state of the receptor, partially because such a state is not precisely defined for the 7TM crystal structure itself. For instance, NNC0640 used to stabilize the 7TM receptor fragment is a competitive antagonist to glucagon, which may have an effect on the crystallized conformation, even though NNC0640 is absent in the final structure. The accuracy of the GCGR-glucagon model may also be limited by the weak electron density of ECL2 and the top of helix V (residues 289-310), and the assumption that glucagon binds GCGR in an N-capped conformation 7, 33 . Construction of GCGR mutants and cell transfection. The complementary DNA (cDNA) encoding the human GCGR was originally obtained from GeneCopoeia and cloned into the expression vector pcDNA3.1/V5-His-TOPO (Invitrogen) at the HindIII and EcoRI sites. The single and double mutants were constructed by PCR-based site directed mutagenesis. CHO-K1 cells were seeded onto 96-well poly-D-lysine treated cell culture plates (PerkinElmer) at a density of 2.7 3 10 4 cells per well. After overnight culture, the cells were transiently transfected with wild-type or mutant GCGR DNA using Lipofectamine 2000 transfection reagent (Invitrogen). Whole-cell glucagon binding assay. Cells were harvested 24 h after transfections, washed twice and incubated with blocking buffer (F12 supplemented with 33 mM HEPES, pH 7.4, and 0.1% bovine serum albumin (BSA)) for 2 h at 37 uC. For homogeneous binding, the cells were incubated in binding buffer with constant concentration of 125 I-glucagon (40 pM) and different concentrations of unlabelled glucagon (0.02 nM to 5 mM) at room temperature for 3 h. Cells were washed three times with ice-cold PBS and lysed by 50 ml lysis buffer (PBS supplemented with 20 mM Tris-HCl, 1% Triton X-100, pH 7.4). The plates were subsequently counted for radioactivity (counts per minute, CPM) in a scintillation counter (MicroBeta2 Plate Counter, PerkinElmer) using a scintillation cocktail (OptiPhase SuperMix, PerkinElmer). Specific binding was determined by subtracting non-specific binding observed in the presence of 5 mM unlabelled glucagon. Expression level quantification of constructed GCGR in cells by flow cytometry. Approximately 1 3 10 5 transfected CHO-K1 cells were blocked with PBS containing 5% BSA at room temperature for 15 min and then incubated with 1:100 diluted primary antibody (anti-GCGR, Epitomics) at room temperature for 1 h. The cells were then washed three times with PBS containing 1% BSA followed by a 1 h incubation with anti-rabbit Alexa-488-conjugated secondary antibody (1:300, Invitrogen) at 4 uC in the dark. After washes, the cells were resuspended in 200 ml of PBS containing 1% BSA for detection in a flow cytometer (Accuri C6, BD Biosciences) using laser excitation and emission wavelengths of 488 and 519 nm, respectively. For each measurement, approximately 20,000 cellular events were collected and fluorescence intensity of positive expression cell population calculated. NNC0640 binding assay (cell membrane based binding). NNC0640 binding was analysed using plasma membranes prepared from HEK293T cells transiently expressing GCGR constructs. Approximately 1.2 3 10 8 transfected HEK293T cells were harvested, suspended in 10 ml ice-cold membrane binding buffer (25 mM Tris-HCl, 0.1% BSA and 1 mM EDTA, pH 7.4) and centrifuged for 5 min at 200g. The resulting pellet was resuspended in cold membrane binding buffer, pulled through a 25G 3 1 inch needle four times and centrifuged for 5 min at 20,000g. The precipitate containing the plasma membranes was suspended in membrane binding buffer containing protease inhibitor (Sigma-Aldrich) and stored at 280 uC. Protein concentration was determined using a protein BCA assay kit (Pierce Biotechnology).
For homogeneous binding, cell membrane homogenates (20 mg protein per well) were incubated in membrane binding buffer with constant concentration of 3 
